The Archaea occupy uncommon and extreme habitats around the world. They manufacture unusual compounds, utilize novel metabolic pathways, and contain many unique genes. Many suspect, due to their novel properties, that the root of the tree of life may be within the Archaea, although there is little direct evidence for this root. Here, using gene insertions and deletions found within protein synthesis factors present in all prokaryotes and eukaryotes, we present statistically significant evidence that the root of life is outside the Archaea.
The Archaea are a group of prokaryotic organisms found in unusual and extreme habitats around the world (Wiegel and Adams 1998) . Frequently they inhabit environments characterized by an abundance of geochemically generated energy-rich compounds thought to be likely substrates for the origin of life (Russell and Martin 2004; Kelly et al. 2005 ) and may have been present for 3.4 billion years (Ueno et al. 2006) .
Many suspect that the root of the tree of life, or cenancestor (Fitch and Upper 1987) , may be within the Archaea. Some (Pace 2006 ) support the traditional root (Gogarten et al. 1989; Iwabe et al. 1989; Brown and Doolittle 1997) , others think that it is elsewhere (Lopez et al. 1999; Cavalier-Smith 2002) , and still others suggest that no unique root exists (Kurland et al. 2006) . Here, using gene insertions and deletions (indels) found within ubiquitous protein synthesis factors, we present evidence that the root of life is outside the Archaea.
Indel rooting (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998 ) is illustrated in figure 1 using homologous, aligned regions from 2 ubiquitous genes, labeled ''Ortholog 1'' and ''Ortholog 2.'' The sequence alignment at the top center of the figure contains a deletion, marked by shading, whereas the bottom two-thirds of Ortholog 1 and all of Ortholog 2, marked ''common,'' lack the deletion. We refer to Ortholog 1 as the informative group, or ingroup, and Ortholog 2 as the outgroup because the former contains the phylogenetically informative indel and the latter serves as the outgroup. The part of the tree that corresponds to the deletion is shown by shading on the reference trees at the left and right of the figure and includes 2 terminal taxa and their common ancestor. Most parsimoniously, the root of the tree of life cannot be located within any shaded region. To appreciate this, compare Root 1, shown by arrows on the left side of the tree, with Root 2, shown by arrows on the right side of the tree. Any root that does not connect to the shaded portion of the tree requires only a single change (one deletion), whereas any root that connects within the shaded area requires 1 deletion and 1 reinsertion or 2 insertions, depending on the root location. Thus, the analyses of indels in orthologous/paralogous gene pairs can be used to exclude the root from regions of the tree.
Gene indel analyses have practical advantages. Because they can persist over long timescales without changing length or position, as evidenced by the fact that numerous amino acid replacements occur within indels, they are potentially less affected by artifacts of phylogenetic reconstruction. As in sequence analyses, the evolution of indels is shaped by both clonal and coalescent (gene transfer) processes (Doolittle 1999; Zhaxybayeva and Gogarten 2004; Lake et al. 2005) , but the phylogenetic distributions of indels can provide estimates of the relevant gene transfer/ recombination rates (Inagaki et al. 2006) .
Protein synthesis factors EF-Tu, EF-G, and IF-2 are well suited for indel-rooting studies. They are ubiquitous and are unambiguously produced by ancient gene duplications, and their inserts change slowly (Baldauf et al. 1996; Hashimoto and Hasegawa 1996; Gupta 1998) . In eukaryotes and archaebacteria, EF-Tu is named EF-1alpha and EF-G is named EF-2. To avoid confusion, the names EF-Tu and EF-G will be used here. All 3 factors shuttle transfer RNAs on the ribosome during protein synthesis using guanosine triphosphate (GTP) as an energy source, and the indels analyzed below are from the GTP-binding domains.
Two protein synthesis indel sets exclude the root from the combined clade of the Archaea and the Eukaryotes, but other protein synthesis indels have been previously analyzed (Rivera and Lake 1992; Baldauf and Palmer 1993) . The root-informative indel summarized in table 1 is contained in the VNK/NPD region corresponding to amino acid positions 141-152 in the Escherichia coli EF-G outgroup sequence. All archaebacterial and eukaryotic ingroup IF-2 sequences contain a single insert, 1-amino acid long in this region, and this insert is absent from all other IF-2 sequences. The insert is also absent from all outgroup, EF-G, sequences. The lack of length variation within this region and the absence of the indel in all eubacteria argue against these indels being transferred between the archaeal and bacterial domains. This indel excludes the root from the archaeal-eukaryotic clade, as shown in figure 2a .
A second root-informative insert occurs within the RGIT/DTPGH region of EF-G. This region, corresponding to amino acids 59-85 in the EF-Tu E. coli outgroup sequence, contains a 4-amino acid insert that excludes the root from the Archaea and the Eukaryotes. It also contains indels, unrelated to the 4-amino acid insert, at a second site within some bacterial sequences. A single 4-amino acidlong insert, corresponding to sequence MTHE and variants, is found in all ingroup archaeal and eukaryotic sequences, as shown on the top left side of table 2. In addition, all eukaryotic EF-G sequences contain variants of the sequence with an additional insert, indicated by a '';.'' Additional eubacterial insertions are present in the EF-G sequence at a second site, approximately 4 amino acids downstream of the MTHE insert. These are present in some alphaproteobacteria, in beta-and gammaproteobacteria, and in chlorobi and are absent in firmicutes, cyanobacteria, actinobacteria, spirochetes, and other bacterial groups. Eubacterial inserts present in all members of a phylum are shown as solid ellipses in figure 2b or as a dashed ellipse when they have a patchy distribution. The insert present in beta-and gammaproteobacteria may reflect a common ancestry but is conservatively assumed to be due to 2 independent inserts. All outgroup EF-Tu sequences are of constant length. This indel also excludes the root from the Archaea and from the archaeal-eukaryotic clade, as shown in figure 2b .
Finally, we address some shortcomings of indel analyses. Notably, indel analyses have been hindered by the lack of statistical tests. Here we present a new method (for details see Supplementary Material online) and demonstrate that the 2 indels analyzed here exclude the root from the archaebacterial-eukaryotic clade at a statistically significant level (2%). Also, the analysis of the archaeal RGIT/ DTPGH indel is complicated by the nearness of a second eubacterial indel. However, this indel does not affect our conclusion. Because the archaeal-eukaryotic insert is unambiguously absent from all outgroup clades and from the firmicute, actinobacterial, and cyanobacterial ingroup clades, this insert must exclude the root from the archaealeukaryotic clade, even if some proteobacterial inserts were to be orthologous to the archaebacterial one. Finally, FIG. 1.-The process of indel root determination is illustrated for 2 alternative rootings. In the top set of aligned sequences, Ortholog 1 contains a deletion in the shaded sequences, whereas the bottom portion of Ortholog 1 and all of Ortholog 2 completely lack the deletion. The 2 trees consist of a pair of identical gene trees, 1 for Ortholog 1 and 1 for Ortholog 2, but the tree on the left and the tree on the right are rooted through different branches of the tree. The tree on the right is rooted through a shaded region that corresponds to the deletion-containing sequences, whereas the tree on the left is rooted in a region corresponding to the ''common'' sequence present in both orthologs. The right tree is less parsimonious with respect to indel changes than the left tree, and hence, by the parsimony criterion, the root cannot lie within a shaded region. 
NOTE.-A summary of IF-2 and EF-G alignments within the VNK/NPD region corresponding to Escherichia coli residues 141-152 in the outgroup EF-G sequence. Alignments of individual sequences are available in Table 1 of the Supplemental Alignments section (Supplementary Material online). Reshuffle and align analyses (Pearson 1996) of combinations of IF-2 and EF-G sequences with and without the insert were performed over the region shown in the table to confirm the alignment. P values were determined by the analysis of 10,000 (9,999) alignment replicates ranging from 2 3 10 ÿ4 to 5 3 10 ÿ4 . Alignments were scored using parameters appropriate for the target frequencies, namely, a Blosum50 matrix with gap and extension costs of ÿ10 and ÿ2, respectively, using sequences from Lactococcus lactis and Halobacterium sp. NCR-1.
FIG. 2.-Two nearly unresolved trees illustrating phylogenetic regions from which the root is excluded by the VNK/NPD indel and by the RGIT/DTPGH indel are shown in (a) and (b), respectively. The taxa illustrated include the Archaea (Ar), the Eukaryotes (Euk), the alpha-, beta-, gamma-, delta-, and epsilon-proteobacteria (Pa, Pb, Pc, Pd, and Pe, respectively), the Chlorobi (Ch), the Cyanobacteria (Cy), the Spirochetes (Sp), the Firmicutes (F), and the Actinobacteria (A). Regions excluded by indels are circled by ellipses and shaded, see text.
Root of Life Outside Archaea 1649 although some indels are chaotically distributed within the eukaryotic enolases (Harper and Keeling 2004) , this is not the case for the protein synthesis factors.
Our findings indicate that the root of the tree of life is excluded from the Archaea. The ubiquitous presence of the ribosome and its components gives one reasonable confidence that the results obtained here are representative of the evolution of life. Consistent with this, literature searches provide little support for a root within the Archaea, as opposed to many reports that support the traditional root between the Archaea and the Bacteria (Gogarten et al. 1989; Iwabe et al. 1989) , but see Philippe and Forterre (1999) . For example, a recent phylogenetic analysis of ancient ortholog/paralog sets (Zhaxybayeva and Gogarten 2004) found only a single gene set that placed the root within the Archaea, whereas 9 sets supported the traditional root between the Archaea and the Bacteria and 7 sets supported a root in the Bacteria.
Given how little is known about the location of the root, excluding it from even a part of the tree of life provides important information that may constrain scenarios for life's early evolution. Few ubiquitous genes containing useful indels exist, and the protein synthesis genes contain some of the best. If new analytical methods can be found to increase the number of useful indels and make their interpretation more reliable, then perhaps some day the root may even be mapped to a unique region of the tree of life.
Supplementary Material
Alignments of individual sequences are provided in Table 1 and detailed alignments of 1,129 EF-G and EF-Tu sequences, the National Center for Biotechnology Information database, 23 February 2006, is provided in Table 2 of the Supplemental Alignments section that is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/). 
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NOTE.-A summary of representative EF-G and EF-Tu alignments within the RGIT/DTPGH region corresponding to Escherichia coli residues 59-85 in the outgroup EFTu sequence is shown. Detailed alignments of 1,129 EF-G and EF-Tu sequences, the National Center for Biotechnology Information database, 23 February 2006, are available in Table 2 of the Supplemental Alignments section (Supplementary Material online). Two sequences are shown for the alphaproteobacteria corresponding to organisms lacking/having the bacterial indel. Within this phylum, 6 different length variants are phylogenetically distributed within specific classes/orders. Approximately 60 individual alphaproteobacterial alignments are provided in Table 2 of the Supplemental Alignments section (Supplementary Material online) . The significance of the alignment as determined by reshuffle and align analyses ranged from P , 2 3 10 ÿ6 to P , 10 ÿ7 using reference sequences from the Alphaproteobacterium Rickettsia conorii and the Euryarchaeon Halobacterium sp. NRC-1.
